In mice, Ϸ1,000 odorant receptor (OR) genes are expressed in olfactory sensory neurons (OSNs). Homeodomain sites can be recognized in the promoter and upstream regions of several OR genes. Here, using the yeast one-hybrid system and electrophoretic mobility shift assay, we report that Lhx2, a LIM-homeodomain protein, binds to the homeodomain site in the mouse M71 OR promoter region. In Lhx2-deficient mice, the morphology of the olfactory epithelium is grossly normal. However, expression of OMP is abolished and that of GAP43 is severely reduced, indicating that no mature and few immature OSNs are produced. M71 and other OR genes also are not expressed. OSN development appears to be arrested between the terminal differentiation into neurons and the transition to immature neurons. Thus, Lhx2 is required for complete development of OSNs in mice.
I
n the mammalian olfactory epithelium (OE), olfactory sensory neurons (OSNs) detect chemical stimuli in the external environment by expressing odorant receptor (OR) genes (1, 2) . These genes encode proteins with a putative seven-transmembrane domain structure, a defining characteristic of G proteincoupled receptors. It is believed that an individual OSN expresses a single OR gene (3) from the Ϸ1,000 OR genes in the mouse genome (4) , but the strength of the evidence for this one-neuron-one-receptor hypothesis has been questioned (5) . An OR gene is expressed from a single allele in a given cell (6) . The OE is thus a complex mosaic of Ϸ2,000 OSN populations, each defined as expressing one allele from a choice of 2 ϫ Ϸ1,000 genes. OSNs expressing the same OR gene typically reside within one of at least four zones in the OE (7, 8) , where they are interspersed with OSNs expressing other OR genes. By targeted mutagenesis, all OSNs expressing the same OR were shown to project their axons to the same glomeruli in a remarkably precise manner, and these OR-specific projections to the olfactory bulb are influenced by the specificity of the expressed OR (9, 10) . The onset of OR expression occurs before the first contact between OSN axons and the forebrain in embryos, and OSNs express OR genes in the absence of the axonal target, the olfactory bulb (11) .
The mechanisms underlying OR gene choice and expression are not understood, but irreversible DNA rearrangements have been excluded (12, 13) . Sequence analyses of human, mouse, and rat OR genes have revealed a variety of motifs upstream of the transcription start site, including O͞E-like, E-box, Ikaros, homeodomain, and methylation-sensitive vMYB motifs (14) . However, an involvement in OR gene regulation has not been shown for any of these motifs. Short (9-kb) transgenes of two OR genes, MOR23 and M71, replicate most OR expression features (15) . A region of 405 bp upstream of the MOR23 transcription start site is required for transgene expression. In this and other upstream OR regions, common sequence motifs of homeodomain and O͞E-like sites have been recognized (15) .
Here, we have conducted yeast one-hybrid screening (16) to identify transcription factors that bind to the homeodomain site in the M71 promoter region. We identify Lhx2, a LIMhomeodomain protein (17) , as a protein binding to the M71-homeodomain site. A knockout of the Lhx2 gene (18) results in failure of OR expression and incomplete development of OSNs.
Materials and Methods
Yeast One-Hybrid Assay. The MATCHMAKER one-hybrid system (Clontech) was used. Five tandem repeats of ACTAATTGTT, the putative homeodomain site in the mouse M71 promoter region, were ligated into the EcoRI-XbaI sites of pHISi and the EcoRI-SalI sites of pLacZi to generate pHISi-HD and pLacZi-HD, respectively. These two bait constructs were linearized and sequentially integrated into the genome of YM4271 yeast to obtain a strain carrying both pHISi-HD and pLacZi-HD. A library was prepared by subcloning oligo-dT-primed cDNA, prepared from the OE of 5-week-old female C57BL͞6 mice, into the EcoRI-XhoI sites of the pAD-GAL4-2.1 phagemid vector (Stratagene). Approximately 1.4 ϫ 10 7 clones were screened, and double-positive clones for His ϩ and LacZ ϩ were selected both by growth on minimal synthetic dropout plates (ϪLeu, ϪHis) supplemented with 30 mM 3-amino-1,2,4-triazole, and by a ␤-galactosidase colony-lift filter assay. mM KCl͞20 mM MgCl 2 ͞0.2 mM EDTA͞0.5 mM PMSF͞1 mM 2-mercaptoethanol) supplemented with 100 ng of sonicated salmon sperm DNA, and 10 g of BSA, in the presence or absence of nonlabeled probe as specific competitor. Mixtures were incubated at room temperature for 20 min and loaded on an 8% nondenaturing polyacrylamide gel to separate bound and unbound probe. For EMSA with inhibitory anti-Lhx2 antibody (Abcam, Cambridge, U.K.), 6% gels were used.
Mutant Mice. Lhx2
ϩ/Ϫ mice were a kind gift from H. Westphal (18) . The mouse strains OMP-taulacZ, P2-IRES-taulacZ, M71-IRES-taulacZ, and M72-IRES-taulacZ have been described (9, 15, 19) . For embryo staging, midday of the vaginal plug is embryonic day (E) 0.5.
In Situ Hybridization. Probes were prepared from plasmids kindly provided by F. Guillemot (National Institute for Medical Research, London): Mash1, NeuroD, and SCG10. Other probes were prepared from cDNA for Lhx2 (nucleotides 453-2150 from GenBank accession no. NM010710), Neurogenin1 (Ngn1) (nucleotides 111-811 from U63841), GAP43 (nucleotides 147-860 from NM008083), and OMP (nucleotides 820 -2891 from U01213).
Detection of Mitotic Progenitors and Apoptotic Cells.
To detect progenitors in mitosis and apoptotic cells, immunostaining with mouse monoclonal anti-BrdUrd clone BU33 (Sigma) and rabbit monoclonal anti-active caspase-3 clone C92-605 (BD Biosciences Pharmingen) were used, respectively. For BrdUrd pulse-chase labeling, pregnant Lhx2 heterozygous mutant mice carrying E16.5 embryos were injected i.p. with 5-bromo-2-deoxyuridine (Sigma) (50 mg͞kg of body weight) for 1 hr, after which the heads of the embryos were collected and fixed in 4% paraformaldehyde͞PBS for 30 min on ice. After the cryoprotection with 30% sucrose͞PBS, heads were embedded in OCT compound (Sakura Finetek, Torrance, CA). Cryosections (12 m) were collected on SuperFrost͞plus microscope slides (Fisher), dried for 1 hr at room temperature, postfixed in 4% paraformaldehyde for 15 min, and washed three times with PBS for 5 min each. For immunostaining with anti-BrdUrd antibody, slides were incubated in 2 M HCl͞PBS for 30 min and washed three times with PBS for 5 min each. Slides were blocked with the Vector Avidin͞Biotin Blocking Kit (Vector Laboratories).
Immunostaining with anti-BrdUrd antibody was performed with the Vector M.O.M. Immunodetection Kit (Vector Laboratories). For immunostaining with anti-active caspase-3, slides were treated with the Vector Avidin͞Biotin Blocking Kit (Vector Laboratories), and immunostaining was performed with the Vectastain detection kit (Vector Laboratories). Immunodetected cells were counted on 10 coronal sections (12 m thick) that were collected every 10 sections in wild-type embryos and every 8 sections in Lhx2-deficient embryos, to cover sections from the beginning of OE to the section in which the olfactory bulb appears.
Results

Lhx2
Is an OR-Homeodomain Site-Binding Protein. To identify proteins binding to the homeodomain site in the M71 promoter region, a mouse OE cDNA library was screened by the yeast one-hybrid system. From 1.4 ϫ 10 7 clones, we identified 286 candidate-positive clones. Of these, 272 clones represent nine homeodomain proteins: Lhx2 (169 clones), Cart1 (34 clones), Dlx5 (20 clones), Prrx1 (18 clones), Alx3 (14 clones), Prrx2 (7 clones), Emx2 (6 clones), Barx1 (3 clones), and Dlx3 (1 clone). We examined expression of these genes in the OE by in situ hybridization. Emx2 and Lhx2 are well expressed, whereas expression of the other seven genes was not detected with digoxygenin-labeled probes. Expression of Emx2 is observed in both apical and basal portions of the OE (data not shown). Lhx2 is expressed strongly in basal cells (progenitor or neuronal precursor cells) and gradually decreases in apical cells (immature and mature neurons) (Fig. 1A) . OR genes are expressed both in immature and mature neurons (20) , suggesting that OR gene choice occurs during terminal differentiation to neurons from neuronal precursors or during the immature-neuron stage. LIMhomeodomain genes have distinct roles in neuronal development, particularly in the specification of neuronal identity (21) . Because OR gene choice is a critical event in determining the identity of an OSN, Lhx2 is a promising candidate among the nine homeodomain proteins discovered in the screening. We therefore focused on Lhx2 for further studies.
By EMSA, recombinant GST-Lhx2 protein binds to the M71-homeodomain site specifically (Fig. 1B) . This binding is inhibited by an antibody against Lhx2, which recognizes its DNA-binding domain, probably by steric hindrance of the antibody. These results suggest that Lhx2 may be involved in regulating M71 gene choice and͞or expression.
No OR Gene Expression in Lhx2-Deficient Embryos. Next, we analyzed Lhx2-knockout mice. These mutants have defects in the development of the eyes, forebrain, and erythrocytes and die a few days before birth because of severe anemia (18) . We analyzed mutant embryos at E16.5, when OSNs already express OR genes (11) . The olfactory turbinates of Lhx2 Ϫ/Ϫ embryos appear to develop grossly normally, except for a slightly smaller size in comparison with wild-type embryos ( Fig. 2A) . No olfactory bulb structure is observed in Lhx2 Ϫ/Ϫ embryos (Fig. 2 A) . Expression of OR genes was examined by introducing several OR-IRES-tauLacZ mutations into the Lhx2 Ϫ/Ϫ background; OSNs expressing a particular OR gene can thus be visualized by X-Gal staining. No ␤-galactosidase activity is observed for the tagged OR genes M71, M72, and P2 in Lhx2 Ϫ/Ϫ embryos, whereas Lhx2 ϩ/ϩ embryos express these genes at E16.5 (Fig. 2B) . OR gene expression was also examined by in situ hybridization; the OR genes tested, M71, M72, P2, MOR23, M12, M50, and MOR251-4, are not expressed (data not shown).
The absence of OR gene expression may indicate a defect in OSN development. We crossed Lhx mutant mice with OMPtauLacZ mice, in which mature OSNs express tauLacZ. Fig. 2C shows that tauLacZ expression is absent in OMP-tauLacZ ϩ/Ϫ , Lhx2 Ϫ/Ϫ embryos. The lack of mature OMP-expressing cells reveals a profound defect in a late stage of OSN development.
Incomplete Development of OSNs in Lhx2-Deficient Embryos. To define the step in OSN development that is arrested in Lhx2 mutant embryos, we performed in situ hybridization with RNA probes for Mash1 (as a marker for neuronal progenitors), Ngn1 (neuronal precursors), NeuroD (differentiating cells͞postmitotic neurons), SCG10 (pan-neuronal), GAP43 (immature neurons), and OMP (mature neurons) (Fig. 3) . Expression of Mash1 and Ngn1 is similar in Lhx2 Ϫ/Ϫ and wild-type embryos, indicating that the early stage of neurogenesis, fate determination to neurons, proceeds normally. NeuroD-positive cells are increased in number and also occupy an intermediate region of the mutant OE, in addition to the basal region in which NeuroD is normally expressed. Although cells expressing SCG10 are decreased, this pan-neuronal marker is expressed in mutants, indicating that terminal differentiation into neurons is not blocked. GAP43-positive cells are severely reduced in number, and no OMP expression occurs in mutants, as was observed in OMPtauLacZ ϩ/Ϫ , Lhx2 Ϫ/Ϫ embryos (Fig. 2C) . These results indicate that the defect resulting from the Lhx2 mutation occurs between the stage of terminal differentiation to neurons and the stage of GAP43-positive, immature OSNs. 
Increased Number of Apoptotic Cells in Lhx2
؊/؊ Mice. The mutant OE is slightly smaller and thinner than that of the wild type (Figs.  2 A and 4) . This phenotype could be due to failure of maturation of OSNs resulting in increased apoptosis rather than to defects in the production of progenitor cells, because the early stages of neurogenesis (neuronal progenitors and precursors) appear normal (Fig. 3) . Therefore, we counted dividing cells and apoptotic cells (Fig. 4) . Dividing progenitor cells, marked by BrdUrd incorporation, are slightly reduced: a 37% decrease in apical cells (216 Ϯ 21 cells in mutant and 338 Ϯ 46.5 in wild type, n ϭ 3; see Materials and Methods for details) and a 29% decrease in basal cells (286 Ϯ 10.0 in mutant and 401 Ϯ 21.7 in wild type, n ϭ 3). By contrast, apoptotic cells, stained by anti-active caspase-3, are increased by 280% (778 Ϯ 27.8 cells in mutant and 203 Ϯ 32.3 cells in wild type, n ϭ 3). Thus, the production of neuronal progenitors and precursors is normal as observed by in situ hybridization with markers (Fig. 3) , and defective transition into immature neurons leads to increased apoptosis, which results in a thinner OE.
Discussion
Lhx2 Binds to a Homeodomain Site in the M71 Promoter Region.
Transgenic analyses of M71 and MOR23 promoter regions have revealed conserved sequences: homeodomain sites and O͞E-like sites (15) . In this study, we screened for proteins binding to the homeodomain in the M71 promoter region with the one-hybrid method, thus identifying nine homeodomain proteins. Among these, Emx2 and Lhx2 are expressed well in the OE. Expression of Emx2 occurs in patches both in the apical and basal portions of the OE. By contrast, Lhx2 is expressed strongly in the basal cell layer, from which OSNs are generated. Lhx2 is of particular interest for three reasons: it is the most frequent clone (60% of total positive clones), its expression pattern in the OE is consistent with a role in OR gene choice, and the function of LIM-homeodomain proteins in neuronal development is to specify neuronal identity (21) . OR gene choice also represents a determination of neuronal identity: an individual OSN is thought to express a single OR gene, which determines both odorant specificity and glomerular inner vation. Binding of Lhx2 to the M71 ORhomeodomain site gives rise to the hypothesis that Lhx2 regulates M71 gene choice directly and may thus be required for an OSN to assume an identity. Although we demonstrate an interaction between Lhx2 and the M71 OR-homeodomain site in vitro, a direct linkage in vivo remains unclear. Lhx2 mutant mice do not express any of the tested OR genes, suggesting that Lhx2 is a general determinant, directly or indirectly, of OR gene expression. Because OR genes are expressed in the absence of the olfactory bulb (11), the lack of OR gene expression in Lhx2
embryos is unlikely to be the consequence of defective bulb development.
Hoppe et al. (22) performed one-hybrid screening with the mOR262-6 upstream region, which contains homeodomain, O͞E-like, and E-box motifs, and thus identified Ptx-1, BEN, O͞E-2, Alx3, Lhx2, and AP-2␤. Functional involvement of this upstream region in mOR262-6 expression has not been shown, and binding of Lhx2 to the putative mOR262-6 promoter region has not been demonstrated. Yet these findings suggest that Lhx2 may bind to multiple putative OR promoter regions.
OR Gene Expression Controlled by Proximal and Long-Distance Re-
gions. In Lhx2 mutant mice, none of the tested OR genes is expressed. Do all OR genes have a homeodomain site in their control region? A region of 405 bp upstream of the MOR23 transcription start site is required for transgene expression, and this region, as well as the M71 promoter region, contains a combination of two conserved motifs, a homeodomain site and an O͞E-like site (15) . This combination is also found upstream of the transcription start site of other OR genes, such as the M72 and mOR262 family (15, 22) , although they have not been experimentally proven to be part of the control region. By contrast, Serizawa et al. (23) What is the common feature between the proximal regions in MOR23 and M71 (hundreds of base pairs upstream) and the distal region in MOR28 (many kilobases upstream)? We searched the H region in the mouse genome sequence (UCSC Genome Browser at http:͞͞genome.ucsc.edu), using the reported definition of human͞mouse homology and 2.1-kb ScaI fragment size (23) . We found at least one set of homeodomain and O͞E-like sites in the H region, which, however, is 55-60 kb upstream of MOR28 in the database (Fig. 5A ). Lhx2 binds in vitro to the homeodomain site in the M71-proximal control region, as well as to such a site in the MOR28 H region (Fig.  5B) . O͞E1 binds to O͞E-like sites in both regions (data not shown). There could be additional homeodomain and O͞E-like sites in the H region, and the in vivo role of any of these sites in OR expression remains to be shown. Nonetheless, the common occurrence of these sites in proximal and distal control regions is consistent with a broader role in OR gene regulation.
Development of Olfactory Sensory
Neurons. The molecular mechanisms that control the orderly series of developmental steps leading to mature OSNs remain poorly defined. To test the role of a gene in OSN development, the consequences of a gene knockout can be characterized in mice. In the olfactory system, there is such evidence for only a few transcription factors, Mash1 (24), Ngn1 (25, 26) , and Hes1 and Hes5 (27) . Mash1-knockout mice exhibit an early arrest of neurogenesis, and few OSNs mature (24, 26, 28) . Ngn1-knockout mice have a severe but transient neurogenesis defect at an early stage of OE development (around E12.5), but normal numbers of OSNs are observed after E15.5 (26) . By contrast, Hes1 and Hes5 regulate olfactory neurogenesis negatively (27) .
Starting from the finding that Lhx2 binds to the homeodomain site in the M71 promoter region, we have now identified Lhx2 as a third transcription factor with a positive regulatory role in OSN development. A deficiency in Lhx2 results in the absence of mature OSNs, and OR gene expression cannot be detected. The defect of OSN development occurs between terminally differentiating cells and immature neurons. Thus, Lhx2 is a determinant of a late stage of OSN development. As Lhx2 binds to the M71 homeodomain site and deficiency of Lhx2 abolishes the expression of M71 and other OR genes, Lhx2 may specify OSN identity by enabling it to choose an OR gene. It is not clear whether Lhx2 is also required for continuous OR expression, once the gene has been chosen. Failure to complete OSN development would then be a direct consequence from a disruption of the mechanisms regulating OR gene choice and͞or expression. It is also possible that Lhx2 is required for OMP and GAP43 gene expression. Lhx2 may regulate genes that are essential to complete neuronal development, such that neurons do not reach the stage in which OR gene choice occurs. The two views are not mutually exclusive: Lhx2 may control both OR gene choice and OSN development via distinct mechanisms.
